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Leukotrienes, Prostaglandins, and Granulocyte
Accumulation in Cerebral Ischemia

P.M. KOCHANEK' , A.J. DUTKA . K.K. KUMAROOI. T. TANISHIMA 1 .

and J.M. HALLENBECK :1'1

Introduction

,..' Granulocytes accumulate during the early hours of the postischemic period in a
canine model of multifocal ischemia induced by air embolism f9l.,This ac-
cumulation could theoretically aggravate and extend the initial tissue injury
through one of several mechanisms. Granulocytes synthesize arachidonic acid
metabolities such as prostaglandins, leukotrienes, and hydroxy acids capable of
producing local vasoconstriction and increased microvascular permeabiliity fi.
5, 32]. They also produce superoxide and other free radical products. release
hydrolytic enzymes from intracellular granules. and synthesize platelet activat-
ing factor (21. 22. 33. 34J.-

The arachidonic acid, ascade has a potential influence on granulocyte ac-
cumulation and the evolgtion of tissue damage in a zone of CNS ischemic inju-
ry. Leukotrienes and b/ydroxy acids, products of the lipoxygenase pathway of
arachidonic acid metobolism. are potent granulocyte chemotaxins [I. 5. 20. 31).
The cyclooxygenase pathway products, thromboxane A, and PGI2 , are thought
to influence vascular t6 e and platelet aggregation [6. 71.

Based on the above, it would seem reasonable to predict that modulation of
arachidonic acid metabolism would affect the accumulation of granulocytes in
ischemic brain, cerebral blood flow in the injury zone. and postischemic recov-
ery of neuronal function as indicated by the cortical somatosensory evoked re-
sponse (CSER). Specifically. cyclooxygenase inhibition (indomethacin) com-
bined with PGI2 and heparin should augment the CSER and eliminate
"'neuron-disabling" blood flows after ischemia as previously observed [10].
Granulocyte accumulation under these conditions should be more pronounced
due to the increased formation rate of chemotactic products of the lipoxygenase
pathway that accompanies cyclooxygenase inhibition [13. 14. 16. 24]. Substi-
tution of dual cyclooxygenase and lipoxygenase inhibition (BW 755C) for the -
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indomethacin should reduce the accumulation of granulocytes and, by restrict-
ing access of these potentially harmful cells to the injury zone, foster a relatively
greater CSER recovery. These predictions were tested in the canine model of
focal ischemia induced by incremental air embolism [9. 10.. ,

Methods

Eighteen conditioned, male mongrel dogs (9- 15 kg) were premedicated with
subcutaneous xylaxine (1.1 mg/kg) and atropine (0.05 mg/kg). Surgical anes-
thesia was induced with 7-chloralose (80 mg/kg) and maintained with doses of
20 mg/kg as needed. Anesthetized animals were mechanically ventilated and
monitored for mean aortic blood pressure (MAP), temperature, hematocrit. ar-
terial blood gases, and end tidal CO, and 0, tensions, and prepared for record-
ing of CSER. Rectal temperature was maintained at 36 - 38.5 °C with heating
pads and warm water bottles. Two catheters placed in the right femoral artery
were used for rapid blood sampling during the CBF study as previously de-
scribed [10]. A right ventricular catheter was placed in the right femoral artery
for the rapid termination of the CBF study with saturated potassium chloride.
A catheter placed in the aorta from the left femoral artery was connected to a
strain gauge to monitor arterial blood pressure and a right femoral venous cath-
eter was advanced into the inferior vena cava for infusion of solutions through-
out the experiments. A polyethylene catheter was inserted into the right cephal-
ic vein for the induction of anesthesia and the infusion of PGI2 when appropri-
ate. The right internal carotid artery was exposed and catheterized with PE-50
tubing. Electrocardiographic leads were connected to monitor heart rate and
rhythm.

Prior to ischemia, 102 ml of blood was collected from a femoral artery cath-
eter and placed in 18 ml of anticoagulant citrate dextrose solution (ACD-For-
mula A, Fenwall Laboratories, Deerfield. IL). Ringer's lactate solution (100 ml)
was injected immediately after blood sampling. After dilution of the blood with
dextran 500 (6% in saline, I part dextran to 10 parts blood), the mixture was
allowed to sediment for 30-45 min or until the erythrocytes occupied just less
than half the height of the tube. The supernatant containing plasma. lcukocytcs.
and platelets was then washed and centrifuged at 250 x g for 10 min. and the
leukocyte-rich pellet was loaded into a Beckman, JE-4 B elutriator at a flow of
5 mI/min. The remaining plasma proteins, platelets, erythrocytes. and mononu-
clear cells were removed by gradually increasing the flow rate through the sepa-
ration chamber until only the granulocytes remained. The granulocyte suspen-
sion was spun at 185 x g for 10 min and the pellet obtained was resuspended in
3 ml saline and incubated with I mCi "'In-oxine. Autologous. '"In-labeled
granulocytes were reinfused 5 min prior to the onset of ischemia. Purity of the
recovered granulocytes was assessed by cell morphology, and viability was de-
termined by trypan blue exclusion. The percent of "in-labeled granulocytes
circulating at time points after initial infusion, and the granulocyte labeling ef-
ficiency were determined exactly as in our prior study [9].
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The dogs were placed in a Kopf sterotaxic apparatus and prepared for the
recording of CSER. After surgical exposure of the skull, stainless steel screw
electrodes were positioned over the right sensorimotor cortex and the nasal
bones (reference electrode). Electrode impedances were < 3 kohm throughout
the experiments. Stimulating electrodes were positioned in the left upper fore-
leg such that the median nerve was between them. A square wave stimulus of
300 las at a rate of I. I/s was led to the stimulating electrodes from a Nicolet
Model NIC-1003A current stimulator. The stimulus strength was adjusted to
cause a maximal CSER over the contralateral sensorimotor cortex. Potentials
from the recording electrodes were led to a Nicolet Model HGA-2OOA physio-
logical amplifier and the output was led to a Nicolet Model NIC-CA 1000 clini-
cal averager. The output was displayed (Hewlett Packard Model 1340A X-Y)
and r-ecorded (Hewlett Packard Model 701, CBX-Y). Evoked potentials
(ni = 64) were averaged to obtain each recorded response.

Focal ischemia was induced in the right hemisphere by infusing 50 pl of air
into the right internal carotid artery. CSERs generated by stimulation of the left
median nerve were obtained every 2 min during a 60-min ischemic period. In-
termittent boluses of 20-50 pl of air were injected into the right internal ca-
rotid artery to maintain suppression of the PI- N I amplitude of the CSER at
10% - 20/ of its baseline value. At the end of the 60-min ischemic suppression.
seven animals received no therapy and II animals were treated (Table I).
Treatment was initiated immediately following the 60-min ischemic period.
CSER measurements were obtained every 10 min in all animals throughout the
4-h recovery, and the percent recovery of the PI -NI amplitude relative to
baseline was recorded. Control groups using PGI2, heparin. or both combined
were previously shown to have no effect on CSER or CBF recovery in this
model [10].

PGI, (Upjohn Co., Kalamazoo. MI) was prepared as a 25 Vg/ml solution in
0.1 M tris-HCI/0. 15 M NaCI at pH 8.5 and was continuously infused through-
out the recovery period at 90- 140 ng/kg per minute. Indomethacin (Indocin.
gift of Merck, Sharp, Dohme, West Point. PA) was prepared shortly before in-
fusion as a 2 mg/mI solution in 0.1 M tris-HCI/0.15 M NaCI at pH 8.5. In-
domethacin was administered as a single 4 mg/kg bolus immediately after the
initiation of PGI2 infusion. BW 755C, 3-amino-l-m (trifluoromethyl)-phenyl-
2-pyrazoline (Wellcome Research Laboratories, United Kingdom) was freshly
prepared as a 10 mg/ml solution in distilled water. This solution was infused as
a single 10 mg/kg bolus given over 10- 15 min. The BW 755C was protected
from light during infusion. More rapid infusion of this solution produced

Table I. Definition of experimental groups F)

Group No. of Indomethacin BW 755C PGi0 Heparin
animals (4 mg/kg) (10 mg/kg (90-140 ng/kg/min) (300 lU/kg)

I 7 0 0 0 0
Ii 6 + 0 + +
III 5 0 + + +

.V,
1- 'p;1
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hemolysis. Heparin (American Biologics Co., Philadelphia, PA) was given as a
single bolus (300 IU/kg) immediately after indomethacin or during BW 755C
administration.

At the end of the 4-h recovery period, a I-min 14C-iodoantipyrine, autora-
diographic CBF study was performed as previously described 1101. After eutha-
nasia with saturated KCI, the brain was removed and immediately frozen at
-50' to -60° C in liquid freon suspended over liquid nitrogen. The brain was
later divided coronally into three segments, each containing symmetrical por-
tions of the right and left hemispheres. The anterior portion contained the head
of the caudate nucleus, the middle portion contained the thalamus, and the pos-
terior portion contained the lateral ventricle and the adjacent hippocampal for-
mation. Each segment was then mounted and 20-iam sections were cut on a
cryogenic microtome for the autoradiographic determination of CBF. Immedi-
ately after sectioning, samples of the cortex were excised from homologous
watershed areas of the superolateral right and left hemispheres at the level of
each segment. The right hemisphere constituted the injured side and the left
hemisphere constituted the noninjured side. The samples were weighed and
counted (LKB Wallac CompuGamma counter, Turku. Finland) with a
125-500 keV energy window. Radioactivity, expressed as cmp/g tissue, pro-
vided an index of granulocyte accumulation in the three brain segments and a
right-left difference (cmp/g) was calculated for each segment of each animal.
A mean, hemispheric, right- left difference was determined for each animal us-
ing the mean of the three segmental right- left differences.

Results

Hematocrit (Hct), pH, PaCO2, and rectal temperature did not differ signifi-
cantly between the groups at any of the three sampling times. The amounts of
air required to produce an ischemic reduction of CSER to 10%-20% of its
baseline value during the 60-min ischemic interval were 0.22±0.11 cc
(mean±SD), 0.15±0.07cc, and 0.22±0.18cc in groups I-111, respectively.
These volumes did not differ significantly. The percent of CSER readings dur-
ing ischemia below 20% of the initial amplitude was also used as an index of
the severity of ischemia. Values for groups I-III were 72± 12. 71 ± 15, and
59 ± 17 (mean ± SD), respectively. There was no significant difference between
the groups. The final CSER (4 h) expressed as the percent of baseline P1 - NI
amplitude for the three experimental groups is depicted in Table 2. Although

Table 2. Percent recovery of CSER after 4 h of reperfusion (mean ± SD)

Group Percent recovery Significance

I 21± 5 1
ii 38± 14 NS P<0.01
III 47± 8 1! 1

NS



Leukotrienes. Prostaglandins. and Granulocyte Accumulation 261

Table 3. Right-left hemispheric differences in indium I I I-labeled granulocyte activity

Group Percent recovery Significance

I 3298± 2019 I
II 3807± 1629 NS P<0.01
I1 2828 ±1878 II III

NS

treatment with indomethacin, PGI, and heparin (group !1) did not produce sig-
nificant recovery of the final CSER amplitude when compared with untreated
animals (group i) (38.0% ± 13.6% vs 21.0% ±4.6%, mean ± SEM), this can be
stated with a power of only 0.33 (type II error estimation). A previous ran-
domized, blinded comparison of this treatment regimen and untreated controls
in this model demonstrated significant recovery of CSER amplitude after I h of
reperfusion in treated animals [101. Animals treated with BW 755C, PGi,. and
heparin (group I11) recovered 47% ± 8% of their baseline CSER which differed
from untreated animals at P < 0.01.

The efficiency of granulocyte labeling was 97% ±2% (mean ±SD), and the
percentage of "'In activity in the injected granulocyte suspensions that was not
in cells was 1.8% ± 1. %. The purity and viability of the granulocytes averaged
greater than 95%. The mean right-left hemispheric differences in "'In activity
after 4 h of postischemic reperfusion (cpm/g, mean ±SD) are shown in Table 3.
Mean right-left hemispheric differences in "'In activity did not differ signifi-
cantly between the three groups. Based on the sample size and the standard
deviation of our samples, a 50% change in granulocyte accumulation could have
been shown with a power of 0.50.

Average CBF rates in gray matter and white matter of damaged and non-
damaged hemispheres 4 h after ischemia did not differ between the untreated
and treated groups. Neuron-disabling blood flows were defined as 15 ml/100 g
per minute or less in gray matter, and 6 ml/100 g per minute or less in white
matter [101. Two of seven untreated animals had flows in this range. As in our
previous study, indomethacin, PGI2, and heparin completely eliminated the oc-
currence of neuron-disabling blood flows at 4 h postischemia. BW 755 C, PGI.
and heparin also eliminated any incidence of neuron-disabling blood flows.

Discussion

The principal findings of these experiments were that indomethacin. PGI . and
heparin did not significantly ameliorate CSER recovery at 4 h of postischemic
reperfusion, although neuron-disabling blood flows were eliminated, and
granulocyte accumulation in this group did not differ significantly from un-
treated animals. BW 755C, PGI2, and heparin conferred a CSER recovery that
was sustained for 4 h and also eliminated neuron-disabling blood flows, but did
not significantly reduce the accumulation of granulocytes.
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Several questions are raised by these results. What is the relationship be-
tween neuron-disabling blood flows and CSER recovery after 4 h of post-
ischemic reperfusion? What is the relationship between lipoxygenase-derived
chemotaxins and granulocyte accumulation in this model? What is the relation-
ship between granulocyte accumulation and neuronal recovery in the injury
zone as indicated by the CSER?

The presence of "'neuron-disabling" flows correlates with poor CSER recov-
ery in this model [101, but it is not a necessary condition for poor recovery be-
cause only two of seven untreated animals had flows in this range. The
"neuron-disabling" flows do not need to involve neuroanatomical pathways
presumed to subserve the CSER to augur a poor electrophysiological recovery.
A low flow in any of the measured neuroanatomical areas is associated with a
relatively poor outcome. This suggests that postischemic hypoperfusion is not
the principal cause of neuronal injury or impaired neuronal recovery in the
postischemic period. Instead, the hypoperfusion appears to be but one manifes-
tation of a more fundamental process that is deleterious to the restoration of
neuronal function in a postischemic injury zone. Light and electron microscopic
analysis of the morphological changes in neurons subjected to I - 2 h of global
brain ischemia without any reperfusion reveals a slow evolution of chromatin
clumping and cell swelling which is homogeneous and uniform [I 81. In contrast.
brains subjected to a similar total time of exposure but permitted to undergo a
period of reperfusion after a 10- to 15-min period of global ischernia reveal a
strikingly different cytopathological picture [1 71. Cellular morphology becomes
heterogeneous, with numerous neurons showing only chromatin clumping, nu-
cleolar condensation, and a breakdown of polysomes. This has been interpreted
as representing a reversal of some of the changes produced by complete global
ischemia. Other cells, ranging up to about 25% of the total population. show se-
vere cell change with marked shrinkage and few identifiable subcellular struc-
tures in the electron-dense cytoplasm. These neurons are found primarily in
cortical layers 3, 5. and 6. zones of selective vulnerability. Some level of post-
ischemic microvascular perfusion seems required for the development of these
changes. implicating factors derived from blood. Activation of a multifactorial
process through blood-damaged tissue interaction would be one plausible ex-
planation for these findings 1111. Instead of leading to tissue damage primarily
through interference with oxygen and substrate delivery, and impaired clear-
ance of metabolic wastes due to microcirculatory shutdown, the critical effect
of the blood-damaged tissue interaction might be the production of mediators
of direct tissue injury. Focal ischemia, as the proximate cause of the tissue
damage. is rendered unlikely because microcirculatory shutdown taken to its
ultimate degree would create a focus resembling an area of complete cerebral
ischemia as in the permanent global ischemia experiments. The observed cy-
topathology is thus incompatible with this mechanism.

Postischemic hypoperfusion that is disproportionately lower than regional
cerebral glucose utilization does occur [19, 271 and could exacerbate the in-
teraction between blood and damaged tissue [Ii, 121. Postischemic impairment
of microcirculatory perfusion has been well studied after temporary focal isch-
emia 1151, and the differential vulnerability of neighboring neurons to the same
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perfusion microenvironment has been documented [291. Progressive im-
pairment of microcirculatory flow has been noted after permanent middle cere-
bral artery branch occlusion [23], and focal hypoperfusion has been observed in
brain regions subjected to a metabolic insult in the absence of any primary oc-
clusion of vessels [8]. Thus, temporary or permanent vessel occlusion as well as
nonischemic causes of brain injury can lead to microcirculatory hypoperfusion.
Such hypoperfusion probably exacerbates the interaction between blood and
damaged tissue rather than serving as the principal mediator of further neuro-
nal damage. Prime candidates for the principal mediators of tissue damage
which could be derived from blood-damaged tissue interaction would include
leukotrienes, prostaglandins, thromboxanes, free radicals, leukocyte and
platelet accumulation with elaboration of their diverse mediators, and acti-
vation of the complement, coagulation, and fibrinolytic systems [9, 1l].

The failure of BW 755 C to inhibit granulocyte accumulation significantly
when given after 60 min of focal ischemia can be explained in at least two ways:
either inhibition of the lipoxygenase pathway occurred too late to prevent early
granulocyte accumulation, or lipoxygenase-derived products are not the con-
trolling chemotaxins involved in this process. In this model of incomplete isch-
emia, oxygen-dependent lipoxygenase product formation very likely occurs
during the 60-min ischemia period prior to the initiation of treatment. Thus.
inhibition of lipoxygenase product formation may have occurred too late to
block rapid granulocyte accumulation effectively. However, previous kinetic
studies in our laboratory demonstrated that granulocyte accumulation did not
occur during ischemia and was not significant until I -4 h after ischemia [9].
To explain the failure of BW 755C to inhibit rapid granulocyte accumulation
when administered after ischemia and still invoke a major role for lipoxyge-
nase-derived products in this process, a gradient of lipoxygenase products
would have to have formed during the initial 60-min ischemia period with sub-
sequent gradual granulocyte accumulation over the first 4 h of reperfusion. The
failure of BW 755C pretreatment (unpublished data) to inhibit early post-
ischemic granulocyte accumulation argues against this possibility. Also. PGI2,
indomethacin, and heparin, which should increase the production of lipoxyge-
nase-derived leukotrienes and hydroxy acids [13, 14, 16, 241, failed to exacer-
bate granulocyte accumulation in this series. These data suggest that lipoxyge-
nase products are not the controlling chemotaxins responsible for early post-
ischemic granulocyte accumulation in the brain. Alternative chemotaxins that
may be involved include components of the complement system, kallikrein.
plasminogen activator, fragments of the fibrinolytic pathway, superoxide rad-
ical, and possibly other substances (2, 26, 301.

Granulocytes possess cellular machinery capable of inflicting tissue injury
during postischemic reperfusion [I, 5. 21, 22, 33, 341. Accumulation of these
cells during early postischemic reperfusion supports, but does not prove, a role
for their participation in postischemic reperfusion injury. Romson et al. [28]
and Mullane et al. [251 reported results from models of myocardial infarction
that strongly support a role for granulocytes in this process. In these two studies,
neutropenic animals demonstrated significant reductions in myocardial infarct
size when compared with control animals after 4 h of reperfusion. Our data
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suggest that granulocytes accumulate in proportion to the severity of ischemia
and, therefore, may play a role in determining the ultimate infarct size in this
model. There is a need to evaluate further the effect of interventions which
modify granulocyte accumulation and function on postischemic neuronal re-
covery. Although BW 755 C. PGI,, and heparin did not alter early postischemic
granulocyte accumulation, it is possible that the therapeutic effect on post-
ischemic CSER recovery and reperfusion involves modulation of granulocyte
function. For example, PGI, rapidly and reversibly inhibits particulate stimuli
and FMLP-induced superoxide production in human neutrophils and inhibits
neutrophil granule release in vitro (3, 4].
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